To investigate the dynamic splitting tensile mechanical property of limestone under coupled static and dynamic state, the dynamic split tensile tests of limestone under one-dimensional coupled static and dynamic load with different strain rates were performed with the help of modified split Hopkinson pressure bar (SHPB) equipment. e dynamic splitting tensile mechanical property and energy dissipation characteristic under two stress states were also compared in this research. Test results indicated that the dynamic tensile strength of the limestone specimen increased with the increase of average strain rate, exhibiting an obvious strain rate effect. In addition, dynamic tensile strength under uniaxial state was higher than that under one-dimensional coupled static and dynamic load state under the same test condition. Moreover, the deformation modulus increased with increasing average strain rate under uniaxial state, while it decreased with increasing average strain rate under coupled static and dynamic state. Both the reflected energy and absorbed energy linearly increased with increasing incident energy. e preload in the radial direction could increase the reflected energy and decrease the absorbed energy. Moreover, the transmitted energy with preload state was slightly lower than that under uniaxial state. Finally, the dynamic tensile strength of limestone specimen increased as a power function with increasing absorbed energy.
Introduction
Tensile strength of rock was an important parameter in geotechnical engineering design [1] , which was much lower than its compressive strength. Tensile failure was a main failure mode of rock and had been observed in many rock engineering [2] . erefore, it was necessary to study the tensile properties (e.g., strength and deformation) of rock under different test conditions [3] . As a typical brittle material, Brazilian disc test was the most common test method to obtain the tensile mechanical property of rock materials, which had been recommended by the international society of rock mechanics (ISRM) [4] [5] [6] . By summarizing previous theoretical and experimental investigations, it could be found that the tensile property of rock under static to quasi-static strain rates had acquired abundant achievements [7] [8] [9] . However, studies on dynamic tensile property of rock were relatively insufficient compared with that under static and quasi-static loads. Moreover, test results under static and quasi-static loads could not be applied to evaluate the deformation failure characteristic of rock under dynamic loading because of the rate effect of materials [10] . Investigations showed that the mechanical response of rock materials under dynamic load were obviously different compared with that under static load [11, 12] .
Split Hopkinson pressure bar (SHPB) equipment has become the most effective device to test the dynamic tensile strength and deformation properties of rock at high strain rates [13] [14] [15] [16] . In recent years, researchers have shown an increased interest in dynamic tensile tests on rock, which have acquired plenty of achievements [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
e main representative study results were as follows: Gong and Luo [17, 18] used four test methods to compare the tensile strength of sandstone under different loading rates (10 − 2 MPa/s to 10 0 MPa/s), and the test results indicate that the tensile strength of sandstone specimen increases with increase in the logarithm of loading rate. Ai et al. [19] analyzed the dynamic fracture properties, crack propagation law of rock with different impact loading rates using experiments, and numerical simulation approach. Considering the stress state of rock in engineering projects, Wu et al. [20] performed the dynamic tensile experiments to investigate the effect of pretension on the dynamic tensile strength of rock, and study results indicate that the dynamic tensile strength decreases with increasing loading rates. Deng et al. [21] proposed an energy consumption model based on fractal rock mechanics and fracture mechanics theory. Moreover, the relationship between energy consumption and rock fragment size distribution was studied. Dai et al. [22] analytically and experimentally studied the flexural strength of Barre granite under a wide range of loading rates using a newly proposed semicircular bend test. Test results indicated that an obvious strain rate effect was found for the flexural tensile strength anisotropy features. e theoretical and experimental studies on tensile mechanical behavior of rock cited above primarily concentrated on the dynamic strength of rock under uniaxial state. However, there had been little research on the energy dissipation characteristic of rock under coupled staticdynamic states in the SHPB split tensile test. erefore, in this paper, the dynamic splitting tensile tests of limestone specimen were performed by using modified SHPB device, and the dynamic splitting tensile mechanical properties and energy dissipation characteristic under two stress states (uniaxial and coupled static-dynamic states) with different strain rates were compared in this research. Moreover, the effects of preloading in the radial direction and strain rate on dynamic splitting tensile load-displacement curves, peak stress, deformation modulus, failure mode, and energy dissipation were also investigated.
e study results could provide basic theory references for the stability analysis of surrounding rock in blasting excavation process.
SHPB Splitting Test Principle of Disc Specimen

Specimen Machining and Static Physical-Mechanical
Parameters. e test limestone specimens were collected from Shungeng Mountain in Huainan city, Anhui province. Limestones with better integrity and homogeneity were selected as test specimens to reduce data dispersion. Rock specimens were processed according to the rock mechanics test procedures. e coring, cutting, and polishing processes were carried out using a ZS-100 pattern drilling machine, DQ-4 pattern cutting machine, and SHM-200 pattern double ended polishing machine. e size of prepared specimens was Φ25 × 50 mm. e basic physical and mechanical parameters of limestone specimen are shown in Table 1 . Mine was adopted to conduct the split tensile tests, as shown in Figure 1 . SHPB equipment contained a high pressure air chamber and a bullet with spindle shape to reduce the dispersion effect and generate the half-sine wave, incident bar, transmitted bar, absorbed bar, and axial compression system. Two resistance strain gauges were mounted on the incident and transmitted bars to collect the incident, reflected, and transmitted waves. e limestone specimen was put in the radial direction between the incident and transmitted bars. e axial compression system can provide preload in the axial direction on the specimen. In the SHPB test, the preload was first applied on the specimen, and then the pressure air chamber was opened to make the bullet impact the incident bar; hence, a dynamic impact wave was generated, and the incident, reflected, and transmitted waves were collected from the strain gauges.
Principle of Coupled
In dynamic split tensile tests, there are two key points to verify the availability of the test result [27] : (1) whether the crack initiation position started from the center point of the specimen and (2) whether the tensile crack was parallel to the loading direction. To verify the availability of data in Brazil split tests, Gomez et al. [28] conducted static and dynamic split tensile tests on the granite specimen according to the ASTM (American Society for Testing Materials) standard method, and the photoelastic images of the loading process was recorded using high-speed camera equipment. Test results indicated that the stress state under dynamic loading was similar to that under static loads, and similar test results were also observed by other investigations [29, 30] using RFPA software and DIC methods. Hence, the splitting tensile formula under static loads could extend to the dynamic tensile test, and the dynamic splitting tensile strength could be calculated using the elastic mechanics method, as shown in the following equation:
where σ d (t) is the dynamic tensile stress of the rock specimen; D and B are the diameter and thickness of the rock specimen, respectively; P (t) is the dynamic load in the radial direction; E and A are the elasticity modulus and crosssectional area of the compression bar, respectively; and ε I (t), ε R (t), and ε T (t) are the incident strain, reflected strain, and transmitted strain, respectively. e dynamic tensile strength (σ d ) was defined as the peak stress in the loading process in this research. In the coupled static and dynamic test, the specimen was maintained within the elastic range when the axial load was lower than its static strength. e stress-strain relationship obeyed Hooke's law; hence, the tensile stress of the disc specimen under the action of preload could be calculated as follows:
2
Advances in Civil Engineering
where σ s is the tensile stress of the disc specimen, MPa, and P s is the preload. Based on the abovementioned assumptions, both the stress and strain of the specimen under coupled loads satisfied the superposition principle; specifically, the stress and strain aroused from external loads were relatively independent. For the internal stress field and strain field of the specimen in the combined loading test, the total stress and strain could be obtained by superimposing the stress and strain under various loads by calculating the stress and strain, respectively. e stress analysis diagram under coupled static and dynamic loads is shown in Figure 2 .
In Figure 2 , P is the loads in the radial direction, subscripts s and d are the static preload and dynamic loads, respectively, and subscripts 1 and 2 are the incident end and transmitted end, respectively.
If σ s (x, y) and σ d (x, y, t) were the stress field under static preload and dynamic load, respectively, the stress field σ sd (x, y, t) of the rock specimen under coupled static and dynamic loads is as follows:
It was observed that the stress field under static loads was relatively constant, which was time independent. Hence, the variation of the stress inside the specimen with time under coupled static and dynamic loads depended on the stress evolution of the specimen under dynamic impact. e internal stress field of the specimen at different times corresponded to that under the dynamic load. e difference lied in that the stress field under static load exists in the specimen before dynamic load. In the process of coupled static and dynamic loads, the stress in the specimen experienced three stages: disequilibrium, equilibrium, and disequilibrium. e internal stress of the specimen could reach equilibrium before failure attributes to a suitable shock loading waveform, and the stress distribution inside the specimen was consistent with the static load [31, 32] .
Hence, the splitting tensile stress under coupled static and dynamic loads could be calculated using the static formula, and the stress states of the specimen at different times were superposed by static load stress field and dynamic load stress field, as shown in equation (4). e tensile strength of the specimen under coupled static and dynamic loads could be obtained by superposition of stress generated by static preloading and peak dynamic stress.
Analysis of Dynamic Force Balance.
In the SHPB tensile test, stress equilibrium at both sides of the rock specimen required careful examination to guarantee the validation of data. Figure 3 shows the typical dynamic stresses under uniaxial and coupled static and dynamic states. It could be noticed that the transmitted wave basically coincides with the sum of the reflected and incident waves, and this phenomenon illustrated that the rock specimen was basically keep in stress equilibrium state during the loading process [33, 34] .
Splitting Tensile Test Results of Limestone Disc Specimen
Test Results of Coupled Static and Dynamic Loads.
Two test conditions were performed in this test: with preloading in the radial direction (coupled static and dynamic state) and without preloading in the radial direction (uniaxial state). e preloading was selected as 2 MPa, which was about 30% of the static tensile strength of the rock specimen. e test results are shown in Table 2 .
Dynamic Tensile Load-Displacement
Curves. e typical tensile load-displacement curves at uniaxial and coupled From the abovementioned figures it could be noticed that in the SHPB tensile test, the characteristics of load-displacement curves under uniaxial and coupled static and dynamic states are similar, which could be divided into three stages. e first stage was elastic stage. e load-displacement increased rapidly, and the relationship between load and displacement exhibited linear relationship. e second stage was yield stage, the load-displacement curves exhibited fovea superior characteristic; moreover, this stage was short compared with the first one, and its slope decreased to 0 at peak stress. e third stage was failure stage. In this stage, the curves decreased sharply and the value of curve slope was negative.
e abovementioned figures show that under coupled static and dynamic state, both the dynamic tensile stress and strain in the radial direction increased with increasing strain rate and exhibited obvious strain rate effect. Under uniaxial state, the slopes at elastic stage showed no obvious changes, while it decreased with increasing strain rate under coupled static and dynamic state. By comparing Figures 3 and 4 , it could be noticed that the dynamic peak stress under coupled static and dynamic state was lower than that under uniaxial state, while the strain increased with increasing strain rate.
Strain Rate Effect of Dynamic Tensile Strength.
e relationship between strain rate and dynamic tensile strength under uniaxial and coupled static and dynamic states obtained from SHPB tensile tests is shown in Figure 6 .
From Figure 6 it could be noticed that the dynamic tensile strengths were higher compared with that under the static state. Moreover, under uniaxial state, the values of dynamic tensile strength were 3.9 to 6.4 times higher compared with that under uniaxial state. In addition, the dynamic tensile strength power function increased with increasing average strain rate, and the fitting formula is as follows:
where σ ds is the dynamic tensile strength of the rock specimen, _ ε is the strain rate in the radial direction, and a and b are the fitting parameters, which could be calculated by curve fitting, as shown in Table 3 .
From Table 3 , it was noticed that the fitting parameters between dynamic tensile strength and average strain rate under uniaxial and coupled static and dynamic states were 0.9473 and 0.9752, respectively, showed better fitting degree.
is phenomenon indicated that the dynamic tensile strength of the limestone specimen was strongly dependent on strain rate under two test conditions. Coupled static and dynamic loads Dynamic loads Static preload Advances in Civil Engineering Figure 6 shows that the dynamic tensile strength of the limestone specimen under coupled static and dynamic state was lower compared with that under the uniaxial state. is phenomenon could be illustrated as follows: the static tensile strength of the limestone specimen was relatively low compared with its compressive strength; hence, the original disordered microcracks inside the specimen would develop to orderly direction and new cracks would generate under the action of static preload before impact loading. ose damages weakened the bearing capacity in the radial direction, leading to the decrease of dynamic tensile strength.
Strain Rate Effect of Dynamic Deformation Modulus.
e dynamic deformation modulus was defined as the slope of the line from the origin to the point at which the stress was 50% peak stress on displacement-load curve, as shown in the following equation:
e relationship between strain rate and dynamic deformation modulus under uniaxial and coupled static and dynamic states obtained from this test is shown in Figure 7 . Figure 7 reveals that under the uniaxial state, the dynamic deformation modulus of the limestone specimen increased with increasing average strain rate and exhibited obvious rate dependence.
is phenomenon was mainly caused by the deformation hysteresis of the rock specimen under dynamic impact loading [35] . However, the dynamic deformation modulus of limestone specimen decreased with increasing average strain rate under coupled static and dynamic state. e tensile strength of the specimen was low, and the radial preloading masked the disc specimen showed damage state before the action of dynamic load, and the crack inside the specimen extended rapidly under the impact load; hence, the deformation modulus of the specimen gradually decreased with the increase of the average strain rate.
Dynamic Failure Mode of Limestone Specimen.
e failure modes of limestone specimens under different preloads and stress states were obtained, shown in Figure 8 . Figure 8 reveals that similar failure modes of limestone specimen were found under uniaxial state (without preload), and the main failure mode was split into two roughly equal semicylinders along the radial loading direction. In addition, the contact areas among the specimen, incident bar, and transmitted bar appeared as a local crushing phenomenon. e incident energy was relatively small at low strain rate. erefore, the absorbed energy of the specimen was primarily used to the propagation of the main crack, and the specimen was split into two relatively complete parts. However, the incident energy was larger at high strain rate and part of the absorbed energy was used Advances in Civil Engineering for the propagation of the main crack, and others were used for crushing the connect area between the specimen and bars. Under coupled static and dynamic state, the failure mode of the limestone specimen was multiple cracks. Under the action of static preload in the radial direction, there existed lots of microcracks, and those microcracks developed into secondary cracks equivalent to the main cracks. With increasing impact loading, the pressure stresses at both sides of the specimen increased sharply, which was larger than the static compressive strength of the limestone specimen, resulting in the local crushing phenomenon.
Energy Dissipation Analysis of Limestone
Disc Specimen e energy dissipation of incident energy, reflected energy, and transmitted energy can be calculated using the common SHPB method [36] : where (W I ), (W R ), (W T ) are the incident energy, reflected energy, and transmitted energy, respectively; E 0 , A 0 , and C 0 are Young's modulus, the cross-sectional area, the elastic wave speed of the bar, respectively; and τ is the duration time of the elastic wave. Under coupled static and dynamic loads, in the process of applying axial static preload, a certain amount of elastic strain energy had been deposited inside the limestone specimen, which should be considered in the calculation method [37, 38] .
Energy Variation Law of Limestone Specimen.
e typical incident energy, reflected energy, and transmitted energy time curves under uniaxial and coupled static and dynamic states obtained from SHPB tensile tests are shown in Figure 9 and 10, respectively.
It could be noticed that under uniaxial state, during the initial loading stage, both the incident energy and reflected energy increased with time, while the transmitted energy increased slightly and showed no obvious change. All the energy showed no obvious change from about 380 μs. During the whole loading process, the transmitted energy of the specimen was quite small and basically remained unchanged.
e specimen was sandwiched in the radial direction between the incident bar and the transmission bar with a small contact surface. When the incident energy was transmitted to the end of the incident bar, most of the energy was turned to the reflection energy. Moreover, most of the energy through the specimen was absorbed by the specimen to form the absorption energy. Only a small part of the energy was transmitted into the transmission bar to form the transmitted energy. From Figure 10 , it is observed that under coupled static and dynamic state, during the initial loading stage, the reflected energy was larger than the incident energy, while the absorbed energy of the specimen showed a negative value. is phenomenon was caused by the energy release of elastic energy generated by the static preload, and part of energy was transmitted to the incident bar. Figure 11 shows the variation in reflected energy, transmitted energy, and absorbed energy with incident energy. Without static preload, both the reflect energy and absorbed energy increased with increasing incident energy and exhibited better linear relationship. However, under coupled static and dynamic loads, the reflected energy was significantly larger than that under uniaxial state, while the absorbed energy was smaller than that under the uniaxial state. e transmitted energy maintained stability, and the scopes were 1.32 to 3.64 J and 3.28 to 5.85 J for uniaxial and coupled static and dynamic states, respectively. Moreover, the transmitted energy under coupled static and dynamic state was lower than that under the uniaxial state. is phenomenon indicated that the incident energy showed little effect on the transmitted energy, and the transmitted energy was closely related to the failure mode.
Relationship between Absorbed Energy and Dynamic Tensile Strength.
e relationship between absorbed energy and dynamic tensile strength of the limestone specimen obtained from SHPB tensile tests is shown in Figure 12 . e dynamic tensile strength of the specimen increased approximately as a power function of the absorption energy, as shown in the following equation:
where c and d are the fitting parameters, respectively, which could be obtained using data fitting. eir values under different states are shown in Table 4 . Figure 12 shows that the absorbed energy increased with increasing dynamic tensile strength under uniaxial and coupled static and dynamic states. As the absorbed energy of the rock specimen increased, the energy transfer speed in the specimen increased, and the original microcracks in the specimen failed to crack or break through in time, leading to the deformation hysteresis of the specimen. Moreover, this hysteresis phenomenon would be more and more obvious with the increase of the absorbed energy of the specimen, resulting in the strengthening effect of the dynamic tensile strength of the specimen.
By comparing the relationship between absorbed energy and dynamic tensile strength, it could be noticed that the absorbed energy for reaching the tensile strength under uniaxial state was larger than that under coupled static and dynamic state. e static tensile strength of the limestone specimen was relatively low, and the specimen would damage under the action of preload, which weakened the tensile strength of the specimen; hence, less energy was need for reaching the failure state. Table 4 shows that the minimum value of fitting parameters between dynamic strength and absorbed energy was 0.9569 and showed a better correlation.
is phenomenon indicated that the dynamic tensile strength of the limestone disk specimen was closely related to the absorption energy under two test conditions.
Conclusions
e dynamic splitting tensile tests under one-dimensional coupled static and dynamic state of limestone were tested using modified SHPB equipment. e dynamic mechanical property and energy dissipation characteristic were compared in this research. e main conclusions are as follows:
(1) e dynamic peak stress with preload was lower than that under the uniaxial state at the same strain rate. e dynamic tensile strength increased approximately as a power function with increasing average strain rate under two test states and exhibited an obvious strain rate effect. Different relationships between deformation modulus and average strain rate under two test states were found. Without preload, the deformation modulus increased with increasing strain rate; however, it decreased with increasing strain rate under coupled static and dynamic state, which was caused by the damage induced by the static preload in the radial direction.
(2) Under coupled static and dynamic state, during the initial loading stage, the reflected energy was larger than the incident energy, while the absorbed energy of the specimen showed negative value, which was caused by the release of the elastic energy generated by the static preload. Under coupled static and dynamic loads, the reflected energy was significantly larger than that under uniaxial state, while the absorbed energy was smaller than that under uniaxial state. Moreover, the transmitted energy under coupled static and dynamic state was lower than that under the uniaxial state.
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